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HIGH- GAS VELOCITY BURNER TESTS ON SILICON CARBIDE 
AND- SILICON NITRIDE AT 1200° C 

WILLIAM A. SANDERS and HUBERT B. PROBST 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

ABSTRACT 

'Ten SiC materials and five SijN^ materials were exposed in a Mach 1 
gas velocity burner simulating a turbine engine environment. All mate- 
rials studied are commercially available. Cyclic tests up to 100 hour 
duration were conducted at specimen temperatures of 1200° C. A specimen 
geometry was used that develops thermal stresses during thermal cycling 
in a manner similar to blades and vanes of a gas turbine engine. Mate- 
rials were compared on a basis of weight change, dimensional reductions, 
metallography, fluorescent penetrant inspection, x-ray diffraction anal- 
yses, failure mode and general appearance. One hot pressed SiC, one 
reaction sintered SiC, and three hot pressed Si^N^ materials survived 
the program goal of 100 1-hour cycle exposures. Of the materials that 
failed to meet the program goal, thermal fatigue was identified as the 
exclusive failure mode. 

INTRODUCTION ’ 

S'iC and Si^N^ have been identified in several recent investigations 
(Refs. 1-11) as outstanding candidates for advanced turbine engine vane 
and blade applications. Notable among these investigations is a five- 
year iterative design and materials development program initiated in 
July 1971 by the Advanced Research Projects Agency (Refs 3, 7, 10). 
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The goal of this program is to demonstrate successful use of brittle 
materials in two land based gas turbine applications: a small vehicular 
gas turbine engine and a large stationary gas turbine for electric power 
generation. 

This current interest in non -metallic materials for gas turbine 
applications arises primarily from the inability of classical super- 
alloys to meet the demands of advanced engines. As discussed in Lewis 
Research Center work (Ref. 1) the best coated and cooled nickel- and 
cobalt-base superalloys for aircraft engine application are limited by 
corrosive attack to a material temperature of about 1100° C. Improved 
aircraft performance and economy require higher turbine inlet gas tem- 
peratures with turbine material temperatures exceeding 1100° C. In 
reference 1 the merits of refractory compounds for advanced turbine 
application are also discussed. In burner rig tests on rod-shaped 
specimens, high density forms of SiC and Si^N^ proved to be outstand- 
ing among the 20 other non -metallic refractory materials. In that 
investigation testing was conducted at a material temperature of 1204° C 
in a high gas velocity burner rig simulating a ’irbine engine environ- 
ment. The dense SiC and Si^N^ materials met the program goal of 120 
cycles (total time at temperature of 10 hours) at 1204° C in a Mach 1 
hot gas stream, and showed no signs of cracking or surface degradation 
and only slight changes in weight. Other materials in the Lewis study 
which showed some promise for turbine use were lower density forms of 
SiC and Sij^, a SiC composite containing silicon and carbon, and chemi- 
cal vapor deposited (CVD) SiC. 
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The purpose of the present investigation was to further evaluate 
and compare several commercial varieties of SiC and Si 3 N 4 in a Mach 1 
burner simulating an engine environment. In this study a more realis- 
tic specimen geometry was used which incorporated a simulated leading 
edge of an airfoil. This geometry allowed the material to encounter 
severe thermal stresses more closely approximating a real engine vane 
than did the cylindrical specimen of the previous screening study 
(Ref. 1). 

The burner used for this evaluation was operated at a hot gas velo- 
city of Mach 1 with Jet A, .a kerosene -type fuel similar to JP5 fuel. 

Each material' was cyclically heated to a temperature of 1200° C in the 
burner hot gas stream. Maximum target exposures for this program con- 
sisted of 100 one-hour cycles (100 hours total time at temperature). 
Various types of SiC and Si 3 N 4 were evaluated and compared on the basis 
of weight change, dimensional loss, pre- and post-test metallography, 
fluorescent penetrant inspection, x-ray diffraction analysis, failure 
mode, and general appearance. A commercially coated thoria dispersed 
80 nickel-20 chromium alloy (TD-NiCr) was also included in the program 
for comparative purposes. This alloy has sufficient strength at 1200° C 
for some low stress turbine applications. 

MATERIALS 

Table I lists and categorizes the 15 ceramic materials evaluated. 
Given in the table are the material vendors, general fabrication method, 
shape provided, purity, and some physical and mechanical properties. 

In all cases except two, specimens were cut from billets and ground to 
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final dimensions at Lewis. One exception was reaction sintered Si^N^ 
which was produced in specimen form by Norton Company. The other was 
chemical vapor deposited (CVI) SiC specimens which were supplied by Energy 
Research Corporation already machined to shape from individual CVD 
billets. Not listed in table I is the commercially coated 80 w /o Ni- 
20 w / 0 Cr alloy containing 2 w / 0 thoria for dispersion strengthening. 

The coating was an oxidation resistant aluminide resulting from a duplex 
process involving first chromium diffusion and then aluminide formation. 

The ceramic material fabrication methods and consolidation techni- 
ques generally employed by producers are as follows; 

Hot pressed silicon carbide . - For the hot pressed SiC materials, 
a -325 mesh SiC powder is blended with small amounts of alumina, iron 
oxide or boron which act as densification aids. The SiC powder and 
additive(s) are sometimes milled in tungsten carbide mills to obtain 
a finer particle size and a more intimate mixture of SiC and densifica- 
tion additive. After blending or milling, the SiC powder is hot pressed 
in graphite dies to produce nearly 100$ dense billets. Typical hot 
pressing conditions are: temperature, 2150° C* pressure, 27.5 MN/m^ 

and time, 60 to 120 minutes. 

Reaction sintered silicon carbide . - Although the term reaction 
sintered SiC is used to describe five SiC-base materials, the Norton 
low-fired and high-fired materials are more correctly referred to as 
recrystallized silicon carbides (Ref. 2), These two materials are made 
by firing slip cast bodies of crushed and milled SiC powder of bimodal 
particle size distribution. Firing temperatures of 2100 to 2500° C 
result in self -bonded SiC bodies of about 18$ porosity. Two of the 
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remaining three materials in this second category result from the molten 
silicon infiltration of a porous SiC-C body and a carbon fiber preform. 
Reaction between the molten silicon and carbon in the SiC-C body results 
in the formation of more SiC and a final body fully dense consisting of 
SiC and free Si-(Refel) (Ref. 12). Reaction of the molten silicon with 
the carbon fiber preform results in a 3-phase body consisting of SiC 
and unreacted C and Si (Ref. 13). The material, KT, is a two-phase, high 
density material of SiC and free Si and is described as characterized by 
a continuous, interlocking structure of SiC-bonded SiC (Ref. 14). 

Chemical vapor deposited silicon carbide . - CVD SiC material is 
commonly produced by pyrolyzing a chloro silane where carbon and silicon 
are supplied in the same molecule. Silicon carbide deposits result when 
gaseous chlorosilane and a hydrogen stream react to form SiC on a heated 
graphite substrate (Ref, 15). The substrate can then be removed by 
oxidation or machining to obtain a solid monolithic CVD SiC shape. 

Hot pressed silicon nitride . - The hot pressed silicon nitride mate- 
rial is prepared in essentially the same manner as is hot pressed SiC, 
Alpha phase Si 3 N 4 powder, -325 mesh, is blended with small amounts of 
magnesium oxide (MgO) which acts as a densification aid. The SijN 4 
powder may be milled with the MgO additive in tungsten carbide mills to 
obtain a finer particle size and a better mix of Si 3 N 4 powder and MgO 
additive. The consolidation of the Si 3 N 4 powder to nearly 100$ dense 
billets is then effected by hot pressing in graphite dies at these typi- 

o 

cal conditions: temperature, 1750° C; pressure, 27.5 MN/m ; and time, 

60 to 120 minutes. 
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Reaction sintered silicon nitride , - The reaction sintered silicon 
nitrides which are often referred to as "reaction bonded" result from 
the nitridation in the green state of silicon powder compacts from a 
variety of consolidation methods such as die .pressing, slip casting, 
extrusion, isostatic pressing, flame spraying, and injection molding. 

If a binder is used, this is removed by heating at about 400° C. This 
is followed by heating at 1200° C in a nitrogen atmosphere to effect a 
partial nitridation. In this partially nitrided state the part can be 
machined with conventional tooling to final dimensions. A final ni- 
triding at 1400° C completes the nitriding process with negligible 
dimensional changes. Firing times are dependent on section thickness, 
with a 50-hour firing time being a norm. Densities of 75 to 80$ of 
theoretical are typical for reaction sintered SijN^.. 

SPECIMENS AMD APPARATUS 

Specimen geometry . - The specimen geometry and dimensions are shown 
in figure 1. One long edge (hereafter referred to as the leading edge) 
of the simulated blade specimen tapers as is shown in figure 1 to a 
radius of approximately 0.08 cm (0.03 in.). In test, the hot gas stream 
impinges directly on this leading edge. The tapered leading edge con- 
strained by the more massive (and slower thermal response) body of the 
specimen leads to thermal stresses during thermal cycling. The groove 
and notch near the base of the test specimen provide a means for locking 
the specimen in place in the burner rig holder. Due to process limitations 
on deposition thickness, the CVD SiC specimens were only 0.32 cm (0.13 in.) 
thick instead of the standard thickness of 0.64 cm (0.25 in.. ) indicated 
in figure 1. 


6 



Burner rig . - A schematic of the burner rig described in detail in 
reference' 16 is shown in figure 2. The apparatus was operated with Jet A 
fuel at a combustion gas velocity of Mach 1 at the conditions given in 
table II. To attain the 1200° C material test temperature, the required 
burner gas temperature was approximately 1540° C, which for Mach 1 con- 
ditions resulted in a nozzle exit gas velocity of 850 mps (2800 fps). 
Specimens were tested singly with the leading edge facing the burner 
nozzle as shown in figure 3. Metal specimens on each side of the ceramic 
specimen acted as radiators in order to augment the heat input to the 
specimen. 

Specimen retention method . - Test specimens were held in the holder 
primarily by a pin-lock bolt method as shown in figure 3. An additional 
specimen retention method used along with the pin-lock bolt method was 
a side bolt which bore against a flat, loose plug loading the specimen in 
compression from the side as shown in figure 3. A third retaining device, 
also shown in figure 3, was a short specimen retainer rod which bore 
against the lowest portion of the specimen leading edge. Both bolts and 
the retainer rod were fixed in position by safety wires under tension. 

PROCEDURE 

Temperature . - For temperature calibration prior to tests, an in- 
ternally. thermocoupled nickel-base superalloy specimen was used. During 
tests, the temperature of the specimen being tested was monitored with 
an optical pyrometer. Approximately the same burner operating conditions 
established for the calibration temperature of 1200° C on the superalloy 
specimen were used for all test materials. All materials were observed 
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to reach the 1200° C hot zone test temperature within 30 seconds of 
exposure. With the hot zone flat portions of the test specimens held 
at 1200° C it was found that the leading edge ran at a temperature of 
1240° C. The burner gas temperature was automatically controlled by a 
total radiation pyrometer which was focused on the test specimen. At 
test temperature, all specimens exhibited uniform hot zones for a 
distance of approximately 1.9 cm (0.75 in.) above and below the center- 
line of the burner nozzle. Within this zone the 1200° C test tempera- 
ture was maintained within ±8° C. 

Exposure cycle . - The exposure goal for the test materials was 100 
cycles. A cycle consisted of one hour at the 1200° C test temperature 
followed by a 5-minute still air cool effected by rapid lowering of the 
test specimens out of the hot gas stream. In the cooling portion of 
the cycle, the specimen cooled to black heat within 30 seconds and to 
near room temperature within the 5 minute cooling period. Duplicate 
tests were run on most materials which survived 100 cycles. In the event 
of a failure in less than 20 cycles, i.e., prior to the first inspection, 
the material was retested in some instances as many as seven times to 
establish the failure mode and the number of cycles to failure. 

Inspection . - Dense specimens were inspected in the as-received 
condition under black light after treatment with a penetrating oil, an 
emulsifier, and powder developer. After this inspection, at 1 dense 
specimens were degreased in trichlorethylene, weighed to ±0.2 mg and in- 
dividually wrapped for storage until test exposure. As-received porous 
materials were examined for surface damage with a 30 X binocular* micro- 
scope, dried in an oven, weighed to ±0.2 mg and individually wrapped 
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for storage until use. The high porosity precluded the use of the oil 
penetrant crack inspection method. Before testing each specimen was mea- 
sured for breadth and thickness with a micrometer with a precision of 
1 micrometer (micron) . Measurements were made at the center of the in- 
tended hot zone which was also the metallographic sectioning plane as 
indicated in figure 1. 

Test specimens were removed from the burner rig after every 20 cycles 
for inspection. Inspection consisted of weighing, photographing, and 
determining if thermal fatigue cracking had occurred. Inspection for 
cracks was by fluorescent penetrant for dense materials and by means of 
a 30 X binocular microscope for porous materials. 

For comparison with the initial dimensions, the breadth and width 
of polished cross sections of those test specimens which survived 100 
cycles plus a few others were measured using an optical micrometer having 
a precision of 1 micrometer. Previous experience has indicated that 
optical micrometer measurements on untested polished test specimens 
cross sections agree within 1 micrometer with micrometer measurements 
made on the untested specimens before sectioning. 

1 n graphic examination . - Hot zone surfaces of those specimens 
which survived 100 cycles and of salvaged pieces of a few failed speci- 
mens were subjected to in situ x-ray diffraction analysis. These were 
then mounted in epoxy resin, sectioned through the hot zone as shown in 
figure 1 and polished and etched for metallographic analysis. For SiC 
a two-step, etch consisting of concentrated HF followed by 10$ chromic 
acid solution was generally effective. In a few cases a 700-800“ C 
molten mixture of 30 w /o NaF and 70 w / 0 NaCOj was necessary to delineate 
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grain boundaries. For all Si 3 N 4 materials a boiling etchant consisting 
of 6 parts HF, 5 parts and 2 parts HNO^ was required to reveal the 

micro structure . All SiC and SijN^. materials were also examined metallo- 
graphically in the as-received condition. The light microscope, the 
electron microscope and the scanning electron microscope were all used 
to examine the polished and or etched sections. 

RESULTS AND DISCUSSION 

The detailed behavior of the SiC and Si^N^ materials will be 
discussed in the order of the material categories given in table I. 

The following general observations refer to all test materials. The 
results consist of weight change data, fluorescent penetrant, and micro- 
scope examination for cracks, dimensional loss data, metallography, 
x-ray diffraction data, failure mode, and general appearance of the 
specimens. In contrast to the results in reference 1 where three pre- 
dominant failure modes, mechanical failure due to gas loading, thermal 
shock, and thermal fatigue were all prevalent in the burner rig testing 
of non-metallic rod shaped specimens, only one clear failure mode, ther- 
mal fatigue, predominated in the present work on SiC and Si 3 N 4 simulated 
blade shapes. The thermal fatigue failure is defined as specimen fail- 
ure in the hot zone during cyclic exposure after surviving for at least 
one cycle, a cycle consisting of a 1-hour exposure at 1200° C in the hot 
gas stream, followed by a 5-minute still air cool. A summary of test 
results is given in table III and a summary of specific weight change 
and dimensional loss data is given in table IV. Breadth dimension 
losses are in all cases greater than thickness dimension losses since 
the leading edge runs slightly hotter than the side of the sample and 
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because of its geometry is more vulnerable to attack. A plot of speci- 
fic weight change versus exposure cycles for SiC and Si^N^ materials 
which. survived 20 or more cycles is given in figure 4. The curves of 
figure 4 are drawn through actual data points since the number of sam- 
ples tested of any given material were insufficient to allow averaging 
of the data. In cases where two samples were run the curve plotted in 
figure 4 represents the "most well behaved" sample. That is, a specimen 
that was fairly free of abrupt weight changes that were obviously due 
to chipping in the base during exposure due to the specimen loosening 
slightly in the holder as will be discussed next. 

As noted in table III, a frequent reason for cessation of test was 
failure of the specimen in the pin groove region of the specimen which is 
inside the stationary holder (see figure 3). Although great care was 
taken in specimen installation to avoid overtightening, to install every 
one in the same manner, and to check for tightness during 20 cycle ex- 
posure intervals, certain materials (generally those of lower strength) 
seemed prone to pin groove failure. This type of failure is felt to be 
due to an unavoidable (at least in these tests) occurrence, namely the 
specimen becoming slightly loose in the holder at some point during test. 
On some subsequent insertion into the hot gas stream the loosened speci- 
men fails mechanically in the pin groove depending upon the material 
strength. The loosening is likely related to the fact that the steel 
holder coefficient of thermal expansion is approximately 3 times that 
of SiC or Si^N^. 
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HOT PRESSED SiC 


In this category, only the Norton hot pressed SiC was able to attain 
the 100 cycle exposure goal. The other three hot pressed SiC materials 
failed in thermal fatigue as detailed in table III. Fluorescent pene- 
trant inspection showed the Norton SiC specimen to be crack-free. As in- 
dicated in table IV and figure 4^,) a very slight specific weight gain 
was sustained by Norton hot pressed SiC. The limited data for the A.C.E. 
and Avco hot pressed silicon carbides indicate that these materials ini- 
tially oxidize at a somewhat greater rate. Very slight dimensional 
losses of 14 and 4 micrometers were measured for Norton hot pressed SiC 
hot zone breadth and thickness dimensions. These losses represent an 
approximate reduction in load bearing area of only about 0.1$, Photo- 
graphs of four hot pressed SiC specimens after test are shown 
in figure 5. The A.C.E., Avco, and Ceradyne stubs shown are the remnants 
of the longest lived specimens of those materials tested and are repre- 
sentative of the other hot pressed SiC specimens that failed in thermal 
fatigue. Hot zone surface x-ray diffraction analyses on the four speci- 
mens shown in figure 5 all indicated the presence of alpha-SiC (a-SiC) 
and alpha cristobalite (a-SiOg). 

Microstructures of the as-received hot pressed SiC materials are 
shown in figure 6. The Norton material was equiaxed and had a grain 
size of about 2 micrometers and a rather homogeneously dispersed dark 
etching constituent. The A.C.E. SiC material also had equiaxed grains 
but the grains were larger with a size of about 5 micrometers. Dark 
areas, either porosity and/or pull-outs are evident in the A.C.E. mate- 
rial. Both the Avco and Ceradyne SiC materials had microstructures 
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consisting of tabular grains. , The Avco SiC material was coarser grained 
than the Ceradyne by a factor of two, typically 14 micrometer x 40 micro- 
meter tabular grains for Avco and 7 micrometer x 20 micrometer tabular 
grains for Ceradyne. Avco and Ceradyne microstructures also exhibit 
fairly large pores compared to either A.C.E. or Norton. The light etch- 
ing phase apparent in Avco and Ceradyne are probably associated with the 

\ 

use of densification aides. The Norton SiC as-received microstructure 
is also shewn by electron micrography in figure 7. Here the dark etch- 
ing areas shown in figure 6 have the same shade and texture as the 
larger grains, however, they appear to be comprised of clusters of 
small grains with individual grain diameters usually less than 1 micro- 
meter. Thus the "dark etching" areas of figure 6 would appear to be 
ultra fine grained SiC appearing dark because of the heavily etched 
grain boundaries, rather than being a separate phase. 

The Norton hot pressed SiC specimen which survived 100 cycles of 
exposure was sectioned and polished for post-test metallography; a 
scanning electron micrograph of this Norton specimen is shown in figure 8. 
An adherent continuous a-SiOg layer of about 3 micrometers thickness was 
found to cover the specimen in the hot zone., The continuity of this layer 
indicates that it should afford good protection against further oxida- 
tion of the SiC. 

Thus, long life in the burner rig for hot pressed SiC is favored by 
high density and small grain size. In addition to small grain size per 
se, the duplex grain size in the Norton material could play an important 
role in resisting thermal fatigue. The larger grained materials, Avco 
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and Ceradyne, in addition to inferior lives also exhibited a wide varia- 
bility in behavior with Avco SiC giving lives of from 1 to 47 cycles. 

REACTION SINTERED SiC 

Five SiC-base materials are included in this category for conven- 
ience, but as described in the materials section the Norton low-fired 
and high-fired materials might be more accurately described as "re- 
crystallized silicon carbides" while the Ref el, KT, and Si-SiC-C mate- 
rials more properly fit the "reaction sintered SiC" designation. But 
even with these three materials as discussed in the materials section, 
there are distinctions in the fabrication methods. 

Refel SiC was the only material of the reaction sintered category 
which survived 100 cycles of exposure without damage. X-ray analysis 
of the Refel SiC specimen showed a-SiC, Si, and a-SiOg • The Norton low- 
fired and high-fired SiC materials and the Carborundum KT SiC exhibited 
thermal fatigue failures as listed in table III. A Norton low-fired 
SiC specimen also failed at the pin groove due to loosening 
in the holder- -a test result which was described and discussed at the 
beginning of the Results and Discussion section. The last material in 
the group, the Si-SiC-C material, , could not survive more than 1 cycle 
due to oxidation of the carbon phase at the surface. Due to the removal 
of carbon from the leading edge of the Si-SiC-C specimen, deep grooves 
formed which resulted in mechanical failure in the second cycle. 

The specific weight change data for Refel SiC are given in table IV 
and plotted in figure 4(b). The oxidation behavior of the Refel material 
was very similar to the behavior of Norton hot pressed SiC plotted in 
figure 4(a).. No dimensional loss in thickness was noted for the Refel SiC 


14 



but a 17 micrometer loss in breadth was measured, similar to the 14 
micrometer loss for the Norton hot pressed SiC. 

The only other specific weight change data obtained for the reaction 
sintered SiC group was an extremely high 20 cycle specific weight in- 
crease of 17.4 mg/cm (table IV) for the Norton low-fired SiC material. 
This great weight increase — over 2 orders of magnitude greater than that 
of Refel SiC--attests to the open structure (18$ porosity) and great 
surface area for oxidation of the Norton low-fired SiC. 

Photographs of three reaction sintered SiC specimens after test are 
shown in figure 9. The Refel SiC after 100 cycles shows no damage while 
thermal fatigue cracks were found by fluorescent penetrant inspection of 
KT SiC after 10 cycles exposure. This specimen was not tested further but 
would be expected to fail at an existing crack on next insertion into 
the hot gas stream. This KT SiC specimen was not cracked after 5 cycles. 
The 20 cycle condition of the Norton low-fired SiC specimen is shown in 
the third photograph in figure 9. In this photograph the heavy oxida- 
tion of Norton low- fired SiC previously noted by great weight gain is 
evidenced by very prominent silica flow lines in the hot zone. 

As -received microstructures of the five reaction sintered SiC 
materials are shown in figures 10 and 11. The Refel SiC in figure 10 
is a very homogeneous material with 9 micrometer equiaxed SiC grains 
and a uniform dispersion of free Si. KT SiC is a much less homogeneous 
material characterized by a wide range of grain sizes and large islands 
of free Si. The Si-SiC-C material has a striated structure which one 
would expect since the material results from the molten silicon infil- 
tration of a carbon fiber preform. In the Si-SiC-C microstructure the 
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dark stringers are unreacted carbon, the light gray material is SiC and 
the white material is free Si. These three phases were identified by 
x-ray diffraction. In figure 11 the Norton low-fired and high-fired SiC 
materials cam be compared. Both materials are prepared in the same way 
up to the point of firing a slip cast compact of bimodal powder particle 
size distribution. In the low-fired SiC, a duplex grain structure with 
very fine porosity is clearly evident. As a result of higher firing 
temperature the high-fired SiC micro structure appears as a material in 
the process of grain growth- -the large grains growing by surface bond- 
ing with small grain clusters but with the formation of large pores. 

The Be f el SiC specimen which survived 100 cycles was sectioned 
through the hot zone for post test metallography. A light micrograph 
of the Befel SiC is shown in figure 12, and a slightly rough but con- 
tinuous layer of a-SiOg about 5 micrometers thick can be noted. 

The comparison of behavior and microstructures of Befel and KT 
illustrate the importance of microconstituent distribution. Although 
both materials are filly dense and both contain about 10 °jo free silicon 
the burner rig behavior of Befel is far superior. As shown in figure 
10, the fine grain structure and homogeneous distribution of free sili- 
con are in obvious contrast to the much larger grain size and inhomo- 
geneous distribution of silicon in KT. 

The behavior of the Norton low-fired and high-fired SiC materials 
again illustrates the importance of homogeneity and flaw size. While 
neither material was judged satisfactory, the low-fired SiC did exceed 
20 cycles while the high-fired SiC could survive only one cycle. Both 
materials have similar densities but the distribution of the porosity 
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obviously accounts for the differing behavior. In the low-fired material 
the porosity is evenly distributed generally as small pores while the 
high firing has resulted in more complete sintering of the fine grained 
constituent giving larger pore sizes as is evident in figure 11. 

Refel and hot pressed Norton SiC behaved quite similarly in that 
both met the goal of 100 cycles and both exhibited similar weight and 
dimensional changes. This suggests that the 10$ free silicon in Refel 
has not altered the ability of SiC to sustain thermal cycling nor has 
it degraded oxidation resistance of SiC under these test conditions at 
1200° C. 

CHEMICAL VAPOR DEPOSITED (CVD) SiC 

In this category only one material was tested; half thickness 
specimens were supplied in test shape by Energy Research Corporation. 

As noted in table III, CVD SiC specimens were difficult to hold in test 
and failed 4 times due to loosening in the holder. A superalloy shim 
was used to center each half-thickness CVD SiC specimen in the burner rig 
holder and the additional interface resulting is felt to have aggra- 
vated a loosening tendency always present. A maximum exposure of 52 
cycles was obtained on one specimen and fluorescent penetrant inspection 
showed the hot zone to be crack-free. Only a 20 cycle specific weight 
gain data point was obtained for this CVD SiC specimen. Weight gain 
was slight, the same as that for hot pressed Norton SiC. Dimensional 
loss for the CVD SiC specimen exposed for 52 cycles was slight as given 
in table IV, 5 micrometers on breadth and 3 micrometers on thickness. 
This results in a reduction of load bearing area less than 0,1$. The 
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52 cyc3.e exposure CVD SiC specimen is shown in figure 13(a). The failure 
may have originated at the corner of the base notch. Shown in figure 13(b) 
is the fracture cross section showing the columnar structure character- 
istic of CVD SiC, Micro structures in the plane of deposition and in the 
plane perpendicular to the deposition plane are shown in figures 13(c) 
and 13(d) respectively. The characteristic columnar grain structure of 
the CVD SiC material is again apparent in figure 13(d). A typical colum- 
nar grain was approximately 8 micrometers x 27 micrometers. Hot zone sur- 
face x-ray diffraction analysis on the 52 cycle sample showed p-SiC and 
a-SiOg. Ho a-SiOg layer could be observed on a polished hot zone cross 
section of the 52 cycle CVD SiC specimen. On the basis of these results 
for CVD SiC and keeping in mind its attractive properties (Ref. 15) of 
essentially no porosity, high purity and high strength, it is felt that 
CVD SiC specimens if properly held could easily survive 100 cycle exposure. 

HOT PRESSED Si 3 N 4 

All three hot pressed Si 3 N 4 materials were exposed for the full 
100 cycle planned exposure without sustaining damage as shown in figure 
14(a). Zyglo inspection did not reveal any cracks. The weight changes 
given in table IV and plotted in figure 4(c) show the Ceradyne and Avco 
materials behave similarly with both materials gaining weight up to 
60 cycles and losing weight beyond 60 cycles. The Norton Si 3 N 4 mate- 
rial (HS-130) displayed a somewhat different behavior, gaining less 
weight up to 20 cycles but thereafter exhibiting a continually increas- 
ing weight loss out to 100 cycles. It has been reported in reference 7 
that the static oxidation of hot pressed SigN 4 less pure in regards to 
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such elements as Ca and A1 results in greater oxidation weight gains. 
Although impurity levels are not known for all three hot pressed Si 3 N 4 
materials it is known that Norton synthesizes their own starting powder 
while both Avco and Ceradyne use a high-alpha Si 3 N 4 powder supplied by 
Advanced Materials Engineering of Great Britain. Thus it is possible 
that the more rapid oxidation of Avco and Ceradyne materials compared 
to Norton' s is a reflection of purity difference even though x-ray 
diffraction analysis of the as-received samples revealed all were 
0-S13N4. The high alpha Si 3 N 4 content of starting powders has ob- 
viously converted to p phase as is common for hot pressed Si 3 N 4 (Ref. 
17). 

Other similarities in the behavior of the Ceradyne and Avco mate- 
rials and contrasts with the Norton material are exemplified by the 
dimensional losses given in table IV, and the occurrence of silica flow 
lines as shown in figure 14(b). Breadth and thickness losses for the 
Norton Si 3 N 4 specimen were both only 3 micrometers while greater losses of 
25 and 12 micrometers and 20 and 7 micrometers were sustained by the 
Ceradyne and Avco materials respectively. These dimensional losses 
translate into slight load bearing area reductions of approximately 
0.06$, 0.3$, and 0.2$ for the Norton, Ceradyne and Avco Si 3 N 4 speci- 
mens respectively. As shown in figure 14(b) silica flow lines were noted 
after 100 cycles exposure on the hot zone leading edges of both Ceradyne 
and Avco specimens but no flow lines were observed on the Norton sam- 
ple. Hot zone surface x-ray diffraction results were the same however, 
with all three showing the presence of p-Sig^ and a-SiOg. The pre- 
sence or absence of Si0 2 flow lines could also be the result of purity 
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differences. The SiOg formed on a less pure SijN 4 could contain impuri- 
ties and thereby be of lower viscosity and allow the obvious flow that 
has occurred in the high velocity gas stream. 

Contrasts and similarities are again evident in the scanning elec- 
tron micrographs of Si 3 N 4 specimen polished hot zone cross sections given 
in figure 15. Here, the Norton material behavior differs from that of 
the Ceradyne and Avco materials which behaved much the same and are rep- 
resented by a single electron micrograph of the Avco material. The 
silica layer on the Norton Si 3 N 4 specimen was approximately 5 micrometers 
in thickness, while a thicker silica layer of about 18 micrometers thick- 
ness was the characteristic of both the Ceradyne and Avco materials. 
Again, these oxide layer thickness differences are reconcilable with the 
supposition that the Norton material is more pure and therefore oxidizes 
more slowly , 

As evident in figure 4 the slope of the weight change versus time 
curves for all three hot pressed Si 3 N 4 materials changed from positive 
to negative at some point within the 100 hour exposures. The weight loss 
could be the result of viscous flow and loss of some of the SiOg layer. 
The differences among the three materials regarding weight change curves 
and scale thicknesses after 100 hours reflect the net result of unknown 
but differing scale formation rates and scale loss rates. 

The micro structure of all three hot pressed Si 3 N 4 materials was 
very similar consisting of both equiaxed and tabular grains in the 0.5 
to 2 micrometer grain size range. This microstructure is exemplified 
by the electron micrograph of the Norton Si 3 N 4 shown in figure 16. 
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Thus, the hot pressed Si^N^ materials all performed admirably in 
burner rig testing. On the basis of the very slight weight changes alone 
it is not possible to rank one material over another. However, when the 
net result of SiOg scale formation and SiOg loss by viscous flow is con- 
sidered it would appear that, the Norton hot pressed Si 3 N 4 may offer an 
advantage for long life applications. The controlling property here 
would be the level of impurities in powders for hot pressing and the 
effect of these impurities on the nature of the SiCt, layer formed. 

The eventual weight loss experienced by hot pressed Si^N^ contrasted 
to the continuing weight gain of SiC materials that survived 100 cycles 
must also be due to differences in viscosities of the SiOg scales formed 
on the two materials. Under static conditions in the absence of the sur- 
face shearing forces brought about by the high velocity gas, both mate- 
rials continue to gain weight: Si 3 N 4 (Kef. 7), SiC (Ref. 10 ). There 

was never any indication found that the SiO^ scales were cracking and 
spalling due to the thermal cycling thus the weight losses are attributed 
to viscous flow. 

REACTION SINTERED Si 3 N 4 

Two types of reaction sintered SijN^ are compared in this section. 
Norton material (NC-350) as stated previously, was obtained in test 
specimen form while the A.M.E. specimens were machined from 1 cm (0.4 in) 
thick billets. Neither material reached the goal of 100 cycles as de- 
tailed in table III. Most failures resulted from the specimens failing 
mechanically in the pin groove due to loosening in the holder. However, 
on two occasions the A.M.E. material failed in thermal fatigue after 
9 and 24 cycles. 
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The oxidation behavior of samples of these two materials was con- 
siderably different as indicated by the specific weight changes given 
in table IV and plotted in figure 4(d). The Norton material gained weight 
at a very rapid rate to at least 80 cycles while the limited data for 
the A.M.E. material shows only a very slight weight gain in the 20 to 
40 cycle interval. At 40 cycles, the Norton material had almost 10 
times the weight gain of the A.M.E. material. The Norton 92 cycle 
specimen lost 11 micrometers in thickness. Damage to the salvaged hot 
zone section of the Norton sample precluded a determination of breadth 
loss. Due to damage, no dimensional measurements were possible on the 
A.M.E. material. Photos of the Norton and A.M.E. specimens after 80 
cycle and 40 cycle respective exposures are shown in figure 17(a). These 
specimens subsequently failed because of loosening in the holder after 
92 cycles (Norton) and 49 cycles (A.M.E.). Figure 17(b) shows SiOg flow 
lines noted on the A.M.E. hot zone leading edge at the 20 cycle mark. 

No flow lines were noted on the Norton specimen through 80 cycle expo- 
sure. X-ray diffraction analyses from the surfaces of salvaged specimen 
hot zones indicated the presence of ct-Si^N^, p-SijN^ and a-SiOg for the 
Norton specimen after 92 cycles and the A.M.E. specimen after 49 cycles. 

Microstructurally, the two as received reaction sintered Si^N^ 
materials were similar as shown in figure 18(a). Etched microstructures 
of the Norton material could not be obtained due to severe attack by 
the boiling HF-H 2 O 2 -HNO 3 etchant. For this reason, the figure 18(a) 
microstructures are in the as-polished condition. The A.M.E. material 
was more amenable to etching and figure 18$ is a scanning electron 
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micrograph of an etched sample -with a grain size less than 1 micrometer 
and an inhomogeneous distribution of voids. 

It is believed that the unusually high oxidation rate observed for 
Norton material (fig. 4) is not truely representative of reaction sin- 
tered materials but rather is the result of the reaction sintering pro- 
cedure used. This belief is based primarily on appearance of the samples, 
and mierostructural observations as summarized below. 

As-received Norton specimens (reaction sintered to shape) presented 
varying surface colors. One major side of the specimens was gray while 
all other surfaces including ends and leading edge taper were white. 

X-ray analysis of the white and gray surfaces revealed only a-Si^N^ and 
p-SijN^., Judging from x-ray diffraction line intensities both sides exhi- 
bited an a phase to p phase ratio of about 4 to 1. In no case was any un- 
reacted silicon identified. Microstructures after exposure revealed gross 
differences in oxidation behavior of the two sides of Norton specimens as 
illustrated in figure 19. The gray side reveals a uniform and continuous 
layer of SiOg scale. In contrast the white side has been more severely 
attacked showing deep and irregular pockets of SiOg formation. It 
appears obvious that the high weight gains recorded for the Norton mate- 
rial are due to the gross attack that occurred on the white side of 
specimen. The basic cause of the differing characteristics of the two 
sides of the Norton specimen is no doubt due to some differences in the 
environmental and positional, conditions to which the two sides were 
exposed during nitriding. It is presumed that the process could be 
adjusted so that an entire specimen would oxidize at the lower rate. 
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By comparison the A.M.E. reaction sintered material was machined 
from a completely nitrided slab (table I) so that any locally varying 
surface conditions during nitriding would not be expected to affect 
behavior of the machined specimen. Thus, the as-received A.M.E. specimens 
appeared gray and x-ray analysis indicated an alpha phase to beta phase 
ratio similar to that of the Norton specimens. The weight gain of A.M.E. 
specimen was correspondingly less (fig. 4) and the microstructure of 
exposed specimen was identical to that of the gray side of Norton spec- 
imen (fig. 19). Thus, it is concluded that the oxidation behavior of 
A.M.E. material is a truer measure of the behavior of reaction sintered 
Si 3 N 4 than is the Norton material. 

As seen in figure 4 the weight gain behavior of the A.M.E. reaction 
sintered Si 3 N 4 compares favorably with the weight gain of the much higher 
density Ceradyne hot pressed Si^N^. This is somewhat surprising inasmuch 
as previous studies have reported much higher static oxidation weight 
gains for high porosity reaction sintered Si^N^ (Ref. 10) than for fully 
dense hot pressed Si 3 N 4 (Ref. 7). The favorable behavior of A.M.E. 
material, may well be at least partially caused by the high velocity gas 
stream. As illustrated in figure 19 a continuous SiOg scale does form 
which protects the underlying porous structure from continued rapid 
oxidation. The flow of SiOg augmented by the shearing forces of the 
gas stream no doubt contribute to the formation of this continuous pro- 
tective scale. 

The somewhat erratic behavior of both reaction sintered Si^N^ mate- 
rials regarding pin groove failures is unfortunate, however, not totally 
unexpected for such relatively weak porous material. In light of the 
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preponderance of pin groove failures it appears that reaction sintered 
Sij^ could have possibly reached the program goal of 100 cycles if an 
improved gripping technique were used. There, of course, is the sugges- 
tion of a possible thermal fatigue problem with the A.M.E. material, 
since two specimens failed in fatigue after 9 and 24 cycles and no speci- 
men endured more than 49 cycles. 

COATED TD Ni Cr 

For comparison with the ceramics, a commercially aluminide coated 
80 w / 0 nickel -20 w / 0 chromium alloy with 2 W / Q thoria dispersion for 
strengthening was exposed in the burner rig for 100 cycles. Although 
weight loss was high as indicated in table IV and two thermal fatigue 
cracks were evident on the leading edge at 20 cycles, exposure was con- 
tinued to 100 cycles. The test specimen is shown in figure 20. The 
thermal fatigue cracks have developed into deep notches in the leading 
edge and the erosion of the leading edge is obvious. The metal specimen 
lost 41.5 mg/cm . Changes in weight for the ceramics surviving 100 
cycles without damage were more than two orders of magnitude less than 
the 100 cycle weight loss for the coated TD Ni Cr. It is apparent that 
the coated dispersioned strengthened NiCr alloy is inferior to some of 
the better grades of SiC and Si,.N 4 in the behavior in this burner rig 
exposure . 

SUMMARY OF RESULTS 

In this investigation, specimens of 10 SiC and 5 Si^N^ materials 
supplied by different vendors were exposed in a Mach 1 gas velocity 
burner simulating a gas turbine engine environment. Cyclic tests were 
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conducted to a specimen temperature of 1200° C which resulted from 
exposure to the Mach 1 hot gas stream. Specimen behavior was judged 
on the basis of weight change, dimension losses, metallography, fluore- 
scent penetrant inspection, x-ray diffraction analysis, failure mode 
and general appearance. Material test results are summarized below 
according to material classes. 

HOT PRESSED SiC 

One (Norton 1 s) of the four materials tested survived the 100 cycles. 
It was characterized by a duplex structure of fine equiaxed grains. 

Weight change and microstructural observations indicated that this mate- 
rial formed a protective SiOg surface scale. The remaining three hot 
pressed SiC materials failed by thermal fatigue. One behaved very con- 
sistently with failures after 41 and 43 cycles. This material (A. C.E.) 
was fine grained, similar to Norton' s but without the duplex grain size. 
Two materials behaved erratically with thermal fatigue failures occurring 
from 1 to 11 cycles in one material and from 1 to 48 cycles in another 
material. This erratic behavior and early failures are associated with 
heterogeneous microstructures of large grain size consisting of both 
equiax and tabular grains with large pores and some second phase remnants 
of sintering aids. 

REACTION SINTERED SiC 

Of the four reaction sintered SiC materials tested, one survived 
to the program target of 100 cycles. This material (Ref el) had small 
equiaxed grains and a fully dense microstructure containing about 10$ 
of finely distributed free silicon. As with three of the hot pressed 
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SiC materials, the remaining reaction sintered materials failed short 
of the program goal by thermal fatigue. Those materials that failed 
were characterized by rather inhomogeneous microstructures containing 
much larger microconstituents than the average 9 irm grain size of the 
successful material (Refel). 

CVD SiC 

CVC SiC failed between one and 52 cycles by fractures associated 
with the sample gripping technique. Judging from the small grain size, 
high density, and uniform microstructure CVD SiC would be expected to 
survive 100 cycles if an improved gripping technique were used. 

HOT PRESSED Si^ 

All three test materials succeeded in reaching the 100 cycle target. 
No failures associated with the gripping pin groove were experienced. 
This, of course, would be expected with higher strength materials being 
more forgiving of design inadequacies. All hot pressed Si^N^ materials 
exhibited fully dense, fine grained, uniform microstructures. While 
oxidation behavior varied, apparently reflecting purity difference, all 
hot pressed Si 3 N 4 materials tested were quite adequate in oxidation re- 
sistance. 

REACTION SINTERED Si 3 N 4 

Both reaction sintered Si 3 N 4 materials tested behaved similarly in 
that all failures originated at the gripping pin groove. This is not un- 
expected for such porous and comparatively weak materials. One material 
exhibited excessive oxidation apparently due to localized variations in 
the nitriding process. 
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COATED TD-NiCr 


This metallic material, tested in order to give a direct comparison 
with the ceramic materials, did not experience any pin groove failures. 
This, of course, is due to its higher ductility. However, its oxidation 
and erosion resistance were far inferior to those of all the SiC and 
SigN^. materials tested. The alloy also suffered thermal fatigue cracking 
early in the exposure. 


CONCLUDING REMARKS 

In this study various forms of SiC and SijN^ were exposed to 1200° C, 
Mach 1 combustion products under thermal cycling conditions using a 
sample geometry that induced thermal stresses. Several forms of both 
SiC and SigN^, were identified that are fully capable of withstanding 
over 100 cycles under the severe environmental conditions of this expo- 
sure. These materials are therefore judged to be of adequate quality to 
justify further material and design developments that could ultimately 
lead to the use of these materials in advanced aircraft gas turbine en- 
gines. 

This study identified three types of materials that met the 100 
cycle goal and have potential for continued improvement; these are, hot 
pressed SigN^, Norton' s hot pressed SiC, and Refel reaction sintered SiC. 

The microstructural features associated with successful survival 
in this simulated gas turbine environment are generally those character- 
istic of a high quality structural ceramic product. They are high den- 
sity, fine grain size, small size of microconstituents and flaws, and 
a homogeneous microstructure. Conversely, features associated with 
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early failures are: low density, large grain size, large pores and 

second phase microconstituents, and non-uniform microstructures. 

Specific conclusions regarding particular materials and material 
characteristics are as follows; 

1. A duplex, but fine grain size distribution as exemplified by 
Norton' s hot pressed SiC contributes to high strength and 
resistance to thermal fatigue and gripping stresses in the 
simulated gas turbine environment. 

2. The presence of free silicon in SiC, so long as it is finely 
distributed and accompanied by a fine grain size SiC matrix 
as exemplified by Eefel does not lead to any degradation in 
performance as compared to hot pressed SiC (Norton's) under 
the conditions of these tests. 

3. CVD-SiC has promise and judging from its microstructural fea- 
tures there is no obvious reason why its eventual performance 
in a gas turbine environment could not match or exceed that 
of hot pressed SiC. 

4. While both SiC and SijN^ form Si0 2 upon oxidation, results 
of this study suggest the Si0 2 on SiC is more viscous than 
that formed on SijN,^ and therefore resists viscous flow and 
offers better protection against oxidation. This apparently 
reflects differences in purity levels of specific elements 
in the several materials available for tests in this study. 

5. Reaction sintered Si^N^., although porous and comparatively 
weal could apparently withstand the rigors of thermal cycling 
in a high velocity gas stream of a gas turbine engine. In 
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this study, however, this lower strength material was particu- 
larly prone to grip failures, thus, components to be made of 
reaction sintered SijW^ will require excellent gripping designs 
to accommodate lower strength. 

A general conclusion that emerges from this and previous work is 
that once a ceramic material possesses the necessary combination of 
strength, thermal conductivity, elastic modulus, Poissons ratio, and 
thermal expansion in order to survive thermal shock failure ; then the 
mechanical properties, strength and elastic modulus become paramount 
in determining the materials ability to survive in the gas turbine en- 
vironment. That is to say, if a ceramic material can resist the severe 
transients associated with one cycle of gas turbine operation, i„e., 
start-up and shut-down, then the most likely failure modes are primarily 
mechanical resulting from aerodynamic loading, containment (gripping) 
loads, thermal fatigue, and mechanical impact. Resistance to such 
mechanical failure is, of course, favored by high strength and low 
elastic modulus accompanied by some degree of toughness. Thus, the 
higher the ratio of strength to elastic modulus and the more reliable 
(reproducible) these mechanical properties are, the more likely the 
material can withstand operational stresses and the less it is dependent 
on critical designs to accommodate its brittleness. Therefore, contin- 
ued efforts should be devoted to SiC and SijN^ in order to increase 
strength, lower elastic modulus, and impart some degree of toughness. 


30 



TABLE I. - VENDOR REPORTED PROPERTIES FOR SiC AND Si 3 N 4 MATERIALS 


Material Category 

Billet 

Density 

Porosity 

Purity Element, w/o 


Room Temperature 

and Vendor 

Dimensions 

cm 

g/ cm^ 

v/o 


Bend Strength 

Modulus of 
Elasticity 






MN/m 2 

psi 

MN/m^ 

psi 

Hot Pressed SIC 




Al-1, W-4, Fe-0.l( 10 ) 


( 5 H06X10 3 


( 5 )64xl0 6 

Norton 

10.2x10.2x3.0 

> 3.17 

-- 

730 

440X10 3 

a A, C.E. 

10.7x5.1x2.8 

3.12 

-- 

-- 

540 

( 18 )79x10 3 



„ 

AVCO 

15.2x15.2x0.64 

3.13 

-- 

-- 


- - 

- _ 

_ _ 

Ceradyne 

15.2x15.2x2.5 

3.19 

-- 

-- 

— 

— 

-- 


Reaction Sintered SiC 




< 1# Impurity^ 2 ) 

< 1# Impurity ( 2 | 
10# Free Si" 12 ) 


18X10 3 

15xl0 3 



Norton-Low Fired 

11.4x11.4x0.79 

2.67 

18 

120 

190xl0 3 

28X10 6 

Norton -High Fired 

; 11. 4x11. 4x0. 79 

2.70 

18 

100 

210X10 3 

30x10 6 

“U.K.A.E. A. -Refel 

12.7x10.2x0.97 

3.12 

<0.1 

410 

( 12 )eoxio 3 

410X10 3 

C 12 ; 60x10 8 

Carb o rundum - KT 

11.4x11.4x0.79 

3.10 

0 

9# Free Si 

160 

23X10 3 

390 Xl0 3 

56X10 6 

C S . F.L. Si-SiC-C 

12.7x12.7x0.97 

| 

2.71 


— 




— 

Chemical Vapor Deposited SiC 
d E.R.C. 

! 

3.20 

0 


— 

— 


* _ 

Hot Pressed Si 3 N 4 

i 



Mg -0.6, Fe -0.5, W -2 ^ 10 ) 





Norton HS-130 

15, 2x15,2x3.0 

> 3.17 


860 

120X10 3 

310xl0 S 

45x10 6 

Ceradyne 

15.2x15.2x2,9 

> 3.17 

-- 


830 

120X10 5 

310X10 3 

45x10 s 

AVCO 

22 . 6x22 . 6x0, 97 

3.16 



— 

-- 

-- 

— 

Reaction Sintered Si 3 N 4 









Norton NC-350 

* 

2.40 

— 

-- 

240 

35xl0 3 

160X10 3 

23xl0 S 

e A.M.E. 

11.4X11,4X0.97 

! - 

2.50 

-- 

— 

180 

26X10 3 

150x10 s 

22x10 s 


V 


a Alfred Ceramic Enterprises 
1 United Kingdom Atomic Energy Authority 
c San Fernando Laboratories 
d Energy Research Corporation 
e Advanced Materials Engineering 


( ) Reference Number 

* Specimens provided by vendor 
machined to dimensions of 
Figure 1 



TABLE II. - MACH 1 BURNER 0 
OF SIC AND Si 3 N 

[Specimen Test Cycle; 1 ] 

5 I 

Burner Gas Temperature, ° C 
Burner Nozzle Diameter, cm ( in. ) 

Air to Fuel Ratio 


OJ 

ro 


Burner Air Flow, kg/sec (lbm/sec) 

2 

Burner Pressure, MN/m (psia) 



1540 
5.1 (2.0) - 
20 : 1 

0.4 to 0.5 (0.9 to 1.0) 
0.23 (33) 




TABLE III. - SUMMARY OF TEST RESULTS FOR SiC AHD Si 3 N4 MATERIALS EVALUATED 
AT 1200° C Ilf A MACH 1 SIMULATED GAS TURBINE ENVIRONMENT 


Material Category 
and Vendor 

Cycles Completed Before 
Thermal Fatigue Failure 

Other Reasons for Test Termination 

Hot Pressed SiC 



Norton 

No Failure After 100 Cy. 

— 

a A.C.E. 

41, 43 

— 

AVCO 

1, 1, 3, 47 

— 

Ceradyne 

1, 1, 1 5 2 ? 11 

— 

Reaction Sintered SiC 



Norton-Low Fired 

22 

Failure in pin groove in 26th cy. due to 
loosening in holder. 

Norton-High Fired 

0, 1, 1, 1, 1 

— 

b U. K„A. E. A. -Ref el 

No Failure After 100 Cy. 

Failure in pin groove in 89th cy. due to 
loosening in holder. 

Carborundum-KT 

1, 1, 1, 1, 1, 10 

— 

C S.F.L. Si-SiC-C 
Chemical Vapor Deposited SiC 


Excessive wt. loss 1 cy. 

d E.R.C.'~ 


Failures in pin groove after 1 ? 9, 29 , 
and 52 cy. due to loosening in holder. 

Hot Pressed Si 3 N 4 



Norton HS-130 

No Failure After 100 Cy. 

— 

Ceradyne 

No Failure After 100 Cy. 

— 

AVCO 

No Failure After 100 Cy, 

— 

Reaction Sintered Si 3 N 4 



Norton NC-350 

— 

Failure s in pin groove after 54 and 92 
cy. due to loosening in holder. 

e A,M. E. 

1 

9, 24 

Failures in pin groove after 7, 9, 10 , 

10 and 49 cy. due to loosening in holder. 


a Alfred Ceramic Enterprises d Energy Research Corporation 

b United Kingdom Atomic Energy Authority e Advanced Materials Engineering 

c San Fernando Laboratories 




TABLE IV. - SPECIFIC WEIGHT CHANGES AND DIMENSIONAL LOSSES FOR TEST MATERIALS RESULTING 
FROM CYCLIC EXPOSURE AT 1200° C IN MACH 1 SIMULATED GAS TURBINE ENVIRONMENT. 
CYCLE: 1 HR. AT 1200° C, 5 MIN. STILL AIR COOL. 


Material Category 
and Vendor 


^Specific Weight Change. 

mg/ cm 2 


Dimensional I 
100 Cy 

joss After 
hm 

20 Cy. 

40 Cy. 

£ 

o 

o 

CO 

80 Cy. 

100 Cy. 

Breadth 

Thickness 

Hot Pressed SiC 








Norton 

+ .10 

+ .21 

+ .12 

+ .16 

+ .18 

14 

4 

a A. C.E. 

+ .22 

+ .04 






AVCO 

+ .29 

+.27 






Ceradyne 

* 







Reaction Sintered SiC 








Norton -Low Fired 

+ 17.4 







Norton-High Fired 

* 







b U. K. A.E.A. -Refel 

+.04/+.09 

+.12/+.21 

+.10/+.25 

+.14/+.23 

+ .16 

17 

0 

Carb orundum -KT 

* 







C S.F.L. Si-SiC-C 

* 







Chemical Vapor Deposited SiC 








a E.R.C. 

+ .10 

Base Chipped 




5 (52 cy. ) | 

3 (52 cy. ) 

Hot Pressed Si 3 N 4 








Norton HS-130 

+.08/+.04 

+.01/+.08 

-.08/+. 08 

-.21/+. 04 

-.50/-. 01 

3 

3 

Ceradyne 

+ . 42 / + . 18 

+ . 41/+.-22 

+ . 71/ + . 26 

+.41/+.31 

+.20/+. 42 

25 

12 

AVCO 

+ .31 

+ .15 

+ .33 

+ .20 

+ .02 

20 

7 

Reaction Sintered Si 3 N 4 








Norton NC-350 

+3.69 

+5.48 

+5.80 

+6.59 


Not Measureable 

11 (92 cy.) 







Due to Trailing 








Edge Damage 


e A.M.E. 

+.47 (17 cy. ) 

+ .57 






Commercially Coated TD NiCr 

-3.59 

-13.0 

-20.8 

-29.3 

-41.5 




a Alfred Ceramic Enterprises * Second Value for Duplicate Specimen 

b United Kingdom Atomic Energy Authority 
c San Fernando Laboratories 
^ Energy Research Corporation 
e Advanced Materials Engineering 


* Did Not Survive to 20 Cycles 




SUMMARY 


Specimens which incorporated a simulated leading edge of an airfoil 
of 10 varieties of silicon carbide (SiC) and 5 varieties of silicon nitride 
(SijW^) were exposed in a high gas velocity burner simulating a gas tur- 
bine engine environment. Cyclic tests were conducted to a maximum 
specimen temperature of 1200° C which resulted from exposure to a Mach 1 
hot gas stream. Each cycle consisted of 1 hour at 1200° C followed by 
5 minutes cooling to near room temperature. SiC and Si^N^ evaluations 
and comparisons were based on weight change, inspection for cracks, di- 
mensional loss, metallography, x-ray diffraction, failure mode, and 
appearance. 

One hot pressed form of SiC, one reaction sintered SiC and three 
hot pressed forms of Si^N^ survived 100 hours of cyclic exposure at a spec- 
imen temperature of 1200 ° C. Sp^ftimen weight changes and material losses 
were slight and the specimens were not cracked.. 

Other SiC and S ijN 4 forms failed in thermal fatigue. These mate- 
rials were characterized by tabular grain structures and second phases 
or by low density, coarse grained, non -homogeneous micro structures. 

Experimental difficulties prevented certain materials from being 
definitively evaluated. Loosening in the specimen holder prevented the 
completion of tests on chemical vapor deposited SiC and reaction sin- 
tered Si 3 K 4 . It is felt that both of these material could survive the 
100 cycle exposure goal if improved gripping techniques were used. 
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EXHAUST DUCT- 


SPECIMEN TRAVEL - 


CD-10022-17 


GAS TEMP: 1540° C 
SPECIMEN TEMP: 1200° C 
TIME AT TEMP: 1 HR/CYCLE 
FUEL JET A 
GAS VELOCITY: MACH 1 

12800 FPS) 


Figure 2. - Burner rig for simulated gas turbine environment. 
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Figure 4. - Specific weigh! change for SiC and $t 3 N 4 materials resulting from cyclic exposure at 1200P C in Mach 1 
simulated gas turbine environment cycle; 1 hour at 1200° C, 5 minute still air cool. 
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Figure 3. - Schematic of specimen-holder-nozzle arrangement for exposing 
test specimen. 
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Figure 5. - Hot pressed SiC specimens after cyclic exposure in Mach 1 simulated gas 
turbine environment. Cycle: 1 hour at 1200° C; 5 minute still air cool. 
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Figure 6. - Microstructures of as-received hot pressed SiC materials. 
Etched, X750. 




Figure 7. - Electron micrograph of as-received Norton hot pressed 
SiC. Etched, Xll 000. 



Figure 8. * Scanning electron micrograph of Norton hot pressed SiC specimen hot 
zone cross section after 100 cycle specimen exposure. Cycle; 1 hour at 1200° 
C; 5 minute still air cool. X1500. 
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Figure 9. - Reaction sintered SiC specimens after cyclic exposure in Mach 1 simulated gas 
turbine environment. Cycle: 1 hour at 1200° C; 5 minute still air cool. 




Si-SiC-C - STRIATED 

Figure 10. - Microstructures of as-received reaction sintered SiC 
materials. Etched, X350. 
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Figure 11. - Microstructures of as-received reaction sintered (recrystall- 
ized) SiC materials. Etched, X100. 



Figure 12. - Light micrograph of REFEL reaction sintered SiC specimen hot zone cross 
section after 100 cycle specimen exposure. Cycle: 1 hour at 1200° C; 5 minute still 
air cool. Etched, X750. 
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Figure 13. - CVD SiC material: (a) failed specimen, loosened in holder; 
lb) fracture face columnar structure, X10; (c) as-received micro- 
structure, deposition plane, etched, X750; and (d) as-received micro- 
structure, plane perpendicular to deposition plane, etched, X750. 
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NORTON CERADYNE AVCO (b) HOT ZONE LEADING EDGE, 

(a) X10 

Figure 14. - (a) Hot pressed S 13 N 4 specimens undamaged after 100 cycle 

exposure in Mach 1 simulated gas turbine environment. Cycle: 1 hour 
at 1200° C, 5 minute still air cool, (b) Hot zone leading edge of Avco 
Si^N^ specimen representative of 100 cycle exposure condition for 

Ceradyne and Avco $^4 specimens showing silica flow lines, X10. 
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Finirp is. - Scanninu electron micrographs of hot Dressed Si^ SDecimen hot zone cross 

section^ after 100 cycle snecimen exposure. Cycle?; j hour at 1200° C: 5 minute still air 
coc 1 . XI 500. 
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Figure 16. - Electron micrograph of as-received Norton hot pressed 
Si 3 N 4 . Etched Xll 000. 
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Figure 17. - (a) Reaction sintered $i 3 N 4 specimens after cyclic exposure 

in Mach 1 simulated gas turbine environment. Cycle: 1 hour at 1200° 
C, 5 minute still air cool. IblA.M.E. reaction sintered Si 3 N 4 specimen 
hot zone leading edge after 20 cycles showing silica flow lines. 



(a) NORTON (LER) AND A.M.E. 



(b) A.M.E. 

Figure 18. - (a) Microstructures of as-received reaction sintered Si 3 N 4 

materials, unetched, X750. (b) Scanning electron micrograph of as- 
received A.M.E. reaction sintered Si 3 N 4 , 10 000. 
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Figure 19. - Microstructure comparison of opposite sides of Norton reaction sintered Si 3 N 4 
specimen hot zone cross section after 92 cycles exposure. Cycle: 1 hour at 1200° C; 5 
minute still air cool. Unetched, X750. 



Figure 20. - Commer- 
cially coated TDNiCr 
specimen after 100 
cycle exposure in 
Mach 1 simulated gas 
turbine environment. 
Cycle: I hr at 12U0° C, 
5 minute still air cool. 
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